The mechanism of disease-associated (CTG)⅐(CAG) expansion may involve DNA replication slippage, replication direction, Okazaki fragment processing, recombination, or repair. A length-dependent bias for expansions is observed in humans affected by a trinucleotide repeat-associated disease. We developed an assay to test the effect of replication direction on (CTG)⅐(CAG) instabilities incurred during in vitro (SV40) DNA replication mediated by human cell extracts. This system recapitulates the bias for expansions observed in humans. Replication by HeLa cell extracts generated expansions and deletions that depended upon repeat tract length and the direction of replication. Templates with 79 repeats yielded predominantly expansions (CAG as lagging strand template) or predominantly deletions (CTG as lagging strand template). Templates containing 17 repeats were stable. Thus, replication direction determined the type of mutation. These results provide new insights into the orientation of replication effect upon repeat stability. This system will be useful in determining the contribution of specific human proteins to (CTG)⅐(CAG) expansions.
The expansion of a (CTG)⅐(CAG) trinucleotide repeat is the genetic basis for at least 11 hereditary neurological, neurodegenerative, or neuromuscular diseases including myotonic dystrophy type 1 (DM1) 1 and Huntington's disease (1) . Generally, in the non-affected population the length of the repeat tracts range from 5 to 24 repeat units. Although they are polymorphic, these lengths are stably transmitted. Expanded lengths of 25-35 or 34 -90 repeats can be genetically unstable. Depending upon the gene, these lengths can lead to disease or be asymptomatic and are termed intermediate-, pre-, or proto-mutation alleles. In DM1 these pre-mutation lengths can expand to disease-associated lengths of ϳ100 up to thousands of repeats, which exhibit a high degree of genetic instability. The strong dependence of the probability of mutation upon the number of repeats has been termed "dynamic mutation" (2) which describes the increased likelihood for the product of an expansion mutation to undergo a subsequent mutation relative to the precursor (shorter) allele. The increased instability of longer lengths is thought to be due to an increased ability to form mutagenic DNA structures (3, 4) . The mechanism of repeat expansion is not known. DNA replication slippage (2), replication direction (5) , pausing or blockage of replication fork progression (6) , Okazaki fragment processing (7) (8) (9) (10) , mismatch repair (11, 12) , and recombination (13) have been proposed to contribute to repeat expansion.
A role for DNA replication in the process of instability was initially provided by bacterial (5, 6) and yeast (7, 11, 14, 15) models of trinucleotide repeat instability, which implicate the direction of replication through the repeat tract. In these organisms, repeat deletions predominate regardless of the direction of replication. However, the frequency of deletions is greater when the CTG strand, rather than the CAG strand, is the template for lagging strand synthesis (yeast and bacteria) (5) . These replication direction effects on repeat stability may be caused by replication blockage (6) , which is also sensitive in bacteria, to the direction of replication. None of the assay systems in lower organisms recapitulate the expansion-biased instability observed in humans.
Varying degrees of CTG/CAG instability have been observed between different transgenic mouse models (16 -19) . The cause for this variable instability is thought to be attributed to ciselements flanking the repeat tract. One possible cis-element is the location of the replication origin, the site of replication initiation. The location of the most proximal replication origin relative to the repeat tract would determine the direction of replication progression through the repeat. The effect of replication direction by human or mouse proteins on trinucleotide repeat instability is unknown.
To understand CTG/CAG instability mediated by human proteins, we established an assay to measure repeat length changes following SV40 DNA replication. A detailed understanding of primate replication fork dynamics has been gained through the SV40 viral DNA replication system (20, 21) . Each replication fork consists of a continuous leading strand and a discontinuous lagging strand, which is composed of multiple Okazaki fragments each about 135-145 nucleotides long (22) . Replication of a template with 79 repeats that used the CAG strand as the lagging strand template yielded a bias for expansions. Replication of a template that differed only in the direction of replication, CTG as the lagging strand template, yielded a bias for deletions. These results support a role for replication direction in CTG/CAG repeat instability such that the replication direction determined whether expansion or deletion mutations were incurred.
EXPERIMENTAL PROCEDURES
Replication Templates-The (CTG)⅐(CAG) replication templates were designed as follows. Genomic clones of DM1 containing EcoRI/HindIII (CTG) n fragments were subcloned into pBluescript KSIIϩ (Stratagene). All clones had the repeat in the stable orientation relative to the uni-directional bacterial ColE1 origin of replication (CAG strand as lagging strand template). The length and purity of all (CTG) n repeat tracts were confirmed by sequencing. The SphI-HindIII fragment of the SV40 virus (viral positions 128 and 5171, respectively), which contains the SV40-ori, was PCR-amplified with primers (5Ј-CTTATCTCTA-GAAGCTTTTTGC-3Ј and 5Ј-CGCTCTAGATGGTGCATGCATCTC-3Ј) and inserted into pBluescript KSIIϩ using the XbaI site in the primers (underlined). This 219-nucleotide fragment contains the SV40 origin of bidirectional replication (viral position 5210/5211) (23, 24) . The SV40-ori was cloned as a blunted XbaI fragment into either the HindIII or EcoRI sites of pBluescript KSIIϩ placing the SV40 origin of bidirectional replication 103 and 98 bp 5Ј and 3Ј of the CAG repeat, respectively (see Fig. 1 ). For each template the orientation of the SV40-ori was confirmed by restriction analysis. Large scale plasmid preparations were prepared from damϩ Escherichia coli cells as described previously (4) . Briefly, cells were harvested and lysed with lysozyme (Invitrogen) and a detergent solution of 1% Brij 58 (Sigma) and 0.4% deoxycholate (Sigma). Plasmids were treated with RNase A and T1 (Sigma), phenolextracted, and purified twice by cesium chloride/ethidium bromide centrifugation.
Cell Lines and Cell Extract Preparation-HeLa S3 cells propagated in suspension cultures were purchased from the National Cell Culture Center, National Center for Research Resources, National Institutes of Health (Bethesda). Cell extracts were prepared as described previously (25, 26) . Protein concentration was determined by Bio-Rad Protein Assay kit and used as noted in the text.
In Vitro Replication-Reactions were performed as described (25, 26) . DNA templates (150 ng) were replicated in reactions containing the following final concentrations: dATP, dGTP, dTTP, and dCTP, 100 M each; GTP, UTP, and CTP, 200 M each; ATP, 4 mM; creatine phosphate (Roche Molecular Biochemicals), 40 mM; creatine kinase (Roche Molecular Biochemicals), 100 g/ml; 1 g of SV40 T-antigen (Chimerx); and 30-l cell extracts (in the present study we have used 1.06 g/l ϭ 32 g/reaction, but we have found that 1-6 g/l are sufficient to initiate and complete in vitro replication). For direct analysis of the replication products, 0.033 M ϭ 0.099 Ci of [␣- 32 P]dCTP (3000 Ci/mmol, PerkinElmer Life Sciences) was included in each 50-l reaction. Reactions were incubated for 4 h at 37°C and terminated with 50 l of stop solution (2 g/l proteinase K, 2% SDS, and 50 mM EDTA, pH 8.0) with further incubation for 30 min at 37°C. Carrier tRNA (15 g) was added, and protein was extracted twice with phenol/chloroform and chloroform. Replication products were ethanol-precipitated and resuspended in water for further analysis.
Direct Analysis of the Replication Products-Inter-template replication efficiencies (Fig. 2) were determined as follows. Radioactive replication products were purified, linearized with BamHI, and treated with DpnI or MboI. Equal quantities of reaction products digested with BamHI only or BamHI ϩ DpnI or BamHI ϩ MboI were resolved by electrophoresis on a 15-cm 1% agarose gel. The gel was run for 16 h at 4 V/cm in TBE buffer, dried, and exposed to Kodak film.
Mutation Analysis, the STRIP Assay-Mutation analysis was performed using the Stability of Trinucleotide Repeats by Individual Product analysis (STRIP assay) as outlined in Fig. 3 . In vitro replication products were digested with 10 units of DpnI (New England Biolabs) to eliminate un-replicated parental templates. DpnI-digested material was transformed into E. coli DH5␣-mcr, and only the DpnI-resistant material gave rise to colonies (27) . Individual bacterial colonies, each representing an individual product of primate replication, were picked and cultured for a limited growth period (maximum of 6 h, 4 -6 generations). During colony propagation bacterial contribution was minimized for all clones by 1) having the (CTG)⅐(CAG) repeat in the stable orientation relative to the uni-directional bacterial ColE1 origin of replication; 2) the limited colony growth time (Յ6 h); and 3) bacterial strain selection. Of the Ͼ15 bacterial strains tested we selected DH5␣-mcr (Invitrogen) for analysis of the SV40 replication products, due to its ability to stably propagate (CTG) n -containing plasmids. Through the use of these stringent conditions we were capable of stably maintaining as many as 255 CTG repeats in bacteria (4, 28) . Miniprep DNA was analyzed for changes in repeat length by analysis of the repeat-containing fragment on high resolution 4% polyacrylamide gels (29) (Fig. 4) . Repeat lengths were classed into one of three categories: "less than 79 repeats," "79 repeats," and "greater than 79 repeats" (Fig. 5) .
To focus upon mutation events derived from in vitro replication by human proteins, the background length heterogeneity within the parental template preparation and that derived through bacterial miniprep culture was determined. Background length heterogeneity for each template was determined by direct bacterial transformation of the same template DNA used for the in vitro replication reactions, repeat length analysis, and length categorization of single colonies (Fig. 5) . Because the degree and distribution of length heterogeneity may vary between different bacterial preparations of a particular template, it is critical that the same template preparation used for the in vitro replication reactions be used for the bacterial background correction. The significance of differences between repeat length distributions of in vitro replication products and parental template preparations was determined using the 2 or Fisher's exact test. For mutation spectra that were significantly different from bacterial background (p Ͻ 0.05), the frequency of expansions or deletions generated by primate replication was corrected by subtracting the bacterial background frequency (Table  I) . We report only increased frequencies of events, i.e. positive differences between the replicated and parental distributions. Because the frequency of events are proportions, an increased frequency of molecules in either the "larger" or "shorter" length categories is necessarily coupled with a decreased frequency in at least one other length category. Following subtraction of the background, those primate-mediated events that were increased resulted in a positive number, reflecting the increased events mediated by in vitro replication. Those length categories that were under-represented relative to the parental material reflect a reduced number of primate-mediated events maintaining or leading to that size category. After subtracting the background from such reduced events resulted in a negative number reported as "0 a " thus indicating that the number of replicated molecules in that length category was reduced relative to the parental material (or "no increased events"). For details please see "Results," Fig. 5 , and Table I . This rigorous approach ensured that only the human cell extract-mediated expansion or deletion events were reported (Table I) and that these were not a function of the distribution of repeat arrays in the starting material. (Fig. 6 ) were determined by electrophoretic sizing of the repeat containing fragments on 4% polyacrylamide gels (29) relative to the starting length material and a known set of size markers (a representative example is shown in Fig. 4a ).
Analysis of Sequence and Magnitude of Repeat Length Changes-The magnitudes of repeat length changes
To confirm that the changes observed were due to changes in the repeat tract length, samples were electrotransfered (1.5 mA/cm 2 , 45 min, Panther Semidry Electroblotter (HEP-1), Owl Separation Systems) to a Biodyne B membrane (0.45 m, Pall Corp.). The membrane was probed with a 32 P-labeled (CTG) 15 oligonucleotide and exposed to film (a representative example is shown in Fig. 4b ). Additionally, all expansion products and selected products of deletion events were analyzed by sequencing.
RESULTS
To investigate the role of DNA replication direction on repeat instability, we took advantage of the well studied SV40 replication system which, in addition to being a model of the primate DNA replication fork (30) , has been used to study replication fidelity (26) , DNA mutagenesis (31), and DNA repair (32) . To test repeat stability in this in vitro DNA replication system, we used templates containing both (CTG)⅐(CAG) repeats and the SV40-ori and replicated them using cell extracts of human cells and SV40 T-antigen. Replication templates contained either 17 or 79 (CTG)⅐(CAG) repeats, lengths that are typical of the genetically stable non-affected and genetically unstable permutation/diseased individuals, respectively. The location of the SV40-ori determined the direction of replication fork progression through the repeats and thus which strand (CTG or CAG) served as a lagging strand template (Fig. 1 ). For pDM79E, the CTG strand served as the lagging strand template, whereas for pDM79H, the CAG strand served as a lagging strand template. For this study we used extracts of the human cell line HeLa, which are functional in in vitro replication and various in vitro repair and recombination activities.
Replication Efficiency and Direct Analysis of in Vitro Replication Products-To determine whether there were templatespecific differences in the efficiency of replication, each tem-plate was replicated in vitro with HeLa cell extracts, and the amount of completely replicated and re-replicated material was compared. Reaction products were linearized (BamHI) and then digested with either of the methyl-sensitive enzymes DpnI or MboI (Fig. 2) . DNAs resistant to DpnI represent products of at least one complete round of replication. DNAs digested by MboI represent products of more than one complete round of replication. As judged by the DpnI-resistant material, there did not appear to be any inter-template differences in replication efficiency (Fig. 2, compare lanes 2, 4, and 6 ). The similar incorporation pattern of the DpnI digestion products between the templates indicates that there was no difference in the ability to initiate and extend replication through the repeat tract from either direction. The similar sensitivities to MboI (not shown) revealed that there were no differences in their abilities to re-initiate and complete subsequent rounds of replication. Thus, the replication efficiencies of the repeat-containing templates pDM79E and pDM79H were similar to each other and to that of pKN16, which contained no repeats (Fig. 2, compare  lanes 2, 4, and 6 ). We conclude that there were no repeatspecific or replication direction-specific differences in the efficiencies of in vitro replication.
Mutation Analysis, the STRIP Assay-To determine the effect of in vitro replication by human proteins on repeat stability, we developed a sensitive assay to measure CTG tract stability of pDM79H and pDM79E following in vitro replication. Repeat stability was measured using the STRIP assay as outlined in Fig. 3 (see also "Experimental Procedures"). Products of in vitro replication were isolated and digested with DpnI to eliminate un-replicated parental DNAs. Only DpnI-resistant material (the product of in vitro replication) is capable of transforming bacteria (27) . Individual bacterial colonies therefore represent individual products of in vitro replication. Plasmids isolated from the individual bacterial colonies were restrictiondigested to release the repeat-containing fragment. Following analysis on high resolution polyacrylamide gels, expansion or deletion events were scored (a representative example is shown in Fig. 4a ). Expansion events were observed as distinct bands migrating slower than the starting length (CTG) 79 band, whereas deletion events migrated faster. To confirm that these events were due to changes in the repeat tract, samples were electrotransfered and probed with 32 P-(CTG) 15 oligonucleotide (Fig. 4b) . Furthermore, individual mutation products were sequenced, confirming that changes were limited to increases or decreases of integral numbers of repeat units.
To focus upon primate replication-mediated mutation events, it was necessary to correct for both the low levels of repeat length heterogeneity present in the template preparation (28) and the limited heterogeneity produced during bacterial culture ("Experimental Procedures"). In humans and in model systems trinucleotide repeat tract lengths are best described as a distribution. Background levels for the pDM79E and pDM79H templates were determined by direct bacterial transformation of the same starting template DNA used for in vitro replication mediated by human cell extracts. Individual molecules (colonies) were analyzed for repeat length (as outlined in Fig. 4 ), and these were classed into one of three categories: "less than 79 repeats," "79 repeats," and "greater than 79 repeats" (Fig. 5, see open bars) . The molecules in each of these categories could experience primate replication-mediated expansion or deletion events. For those primate-mediated replication products whose length distribution frequencies were significantly different (p Ͻ 0.05) from the background length heterogeneity, the primate contribution was corrected for background by subtraction (see below). FIG. 1. Schematic diagram of replication templates. a, the pDM79 circular plasmid contains the (CTG) n ⅐(CAG) n (n ϭ 79) in the stable orientation relative to the bacterial unidirectional ColE1 origin of replication. pDM79E and pDM79H were created by inserting the SV40-ori containing fragment into the EcoRI and HindIII sites, respectively. The sites of SV40-ori insertion are shown as EcoRI and HindIII. b, location of SV40-ori determines the replication direction and which strand will serve as the leading or lagging strand template. The direction of replication fork progression for pDM79E initiates 3Ј of the CAG and pDM79H initiates 5Ј of the CAG tract. c, schematic of the templates showing the distance between SV40-Origin of Bidirectional Replication (viral positions 5210/5211) (24) (represented as bubble) and repeat tract. An identical set of templates harboring 17 repeats and the SV40-ori were generated. The pKN16 template contains the SV40-ori but no repeat tracts.
FIG. 2.
Determining the efficiency of template replication. Different SV40-ori templates containing repeats (pDM79H and pDM79E) or no repeats (pKN16) were replicated in vitro by HeLa cell extracts (32 g of protein/reaction). Purified products were linearized with BamHI, and an equal portion of this material was also digested with both BamHI and DpnI. The digestion products were electrophoresed on a 1% agarose gel to resolve the completely replicated and un-replicated material. An autoradiogram of the dried gel is shown. The DpnI-resistant material in lanes 2, 4, and 6 represents the products of at least one complete round of replication.
Effect of Replication Direction and Tract Length on Trinucle-
otide Repeat Instability-The direction of in vitro replication had a significant effect upon the stability of the repeat tract. The effect of in vitro replication direction on repeat stability was determined by measuring CTG tract stability of pDM79H and pDM79E following in vitro replication. The length distribution of the replication products for each template was determined by STRIP analysis (as outlined in Fig. 3) , and results are presented in Fig. 5 (see filled bars) . For pDM79H the frequency of observed HeLa replication products with repeat lengths "larger than 79 repeats" was higher than that present in the starting material (Fig. 5, pDM79H compare filled bars with  hollow bars) . Furthermore, the frequency of observed HeLa replication products with lengths "less than 79 repeats" or containing the intact length of "79 repeats" was less than that contained in the parental template preparation. This supports an overall expansion bias for pDM79H. In contrast for pDM79E the frequency of HeLa replication products with repeat lengths "less than 79 repeats" was higher than that present in the starting material (Fig. 5, pDM79E compare filled bars with  open bars) . Furthermore the frequency of observed HeLa replication products with lengths "larger than 79 repeats" or containing the intact length of "79 repeats" was less than that present in the parental template preparation. Together these results suggest that altered repeat lengths of pDM79H in vitro replication products were predominantly the result of expansion events, whereas the altered lengths of pDM79E in vitro replication products were predominantly the result of deletion events. The significance of these findings was determined using 2 or Fisher's exact test comparing the trichotomized length distributions of the in vitro replication products with that of the parental template (background). The length distributions of in vitro replicated pDM79H and pDM79E were significantly different from their respective background length heterogeneities (p ϭ 0.047 and p ϭ 0.005, respectively). Thus, in vitro replication of pDM79H and pDM79E by human cell extracts resulted in a bias for expansions and a bias for deletions, respectively. The HeLa-mediated expansion and deletion frequencies reported in Table I were corrected by subtracting the background frequencies. Thus, pDM79H displayed 7% HeLa-mediated expansions, which is the significant increase of the greater than 79 repeat category (7% ϭ (11/73) Ϫ (14/168) ϫ 100). Because these are proportions, an increased percentage of molecules in one category is necessarily coupled with a decrease in the percentage of molecules in at least one other category. In the case of pDM79H the increased frequency of expansions is coupled with a decreased frequency of deletions (Fig. 5, compare  filled bars with open bars) . Hence, the reduced frequency of events or the lack of increased frequency of events following primate replication is reported as 0 a in Table I . Similar correction revealed that pDM79E displayed 17% HeLa-mediated deletions (17% ϭ (30/76) Ϫ (31/141) ϫ 100) and no significant increase of expansions. We conclude that direction of in vitro replication of a (CTG) 79 ⅐(CAG) 79 tract by human cell extracts leads to a bias for expansions when the CAG is the lagging strand template and a bias for deletions when the CTG is the lagging strand template. The change of mutation type from expansion to deletion between the two templates indicated that the direction of in vitro replication by human cell extract had a profound effect on repeat instability.
To determine the effect of repeat length on repeat instability, we used a similar set of replication templates containing only 17 repeats, a length that is typically stable in humans. Templates were replicated in vitro, and repeat stability was analyzed by the STRIP assay. Neither the parental templates or in vitro replication products of pDM17H or pDM17E template revealed any repeat length changes; hence, they were stable (Table I) indicating an association between repeat length and instability.
Magnitude of Repeats Gained or Lost Does Not Vary with the Direction of Replication-It was of interest to know if the magnitude of repeats gained or lost following in vitro replication varied depending upon replication direction. The repeat length of each of the individual parental molecules (open bars)
and of each in vitro replicated molecule (filled bars) was determined, batched according to repeat length, and scaled according to the percentage of molecules within that length range. In vitro replication of pDM79H by HeLa cell extracts resulted in predominantly expansions, with a mean of ϩ7 repeats and a range of ϩ1 to ϩ28 repeats (Fig. 6, filled bars) . Increases of ϩ28   FIG. 3 . Outline of the STRIP analysis. Replication templates containing SV40-ori and trinucleotide repeats were replicated in vitro by HeLa cell extracts and T-antigen. Replication products were purified and digested with DpnI. DpnI-resistant material (gray molecules) represents products of complete replication by HeLa cell extract. DpnI digestion eliminated unreplicated (bold molecules) or partially replicated material (gray/bold molecules). Reactions were transformed into E. coli, and only the DpnI-resistant material yielded colonies, with each colony representing an individual in vitro replication product (27) . Plasmid DNAs were isolated, the repeat-containing fragment released by restriction digestion, and analyzed for length on high resolution polyacrylamide gels. For an example, see Fig. 4 . For details see "Experimental Procedures" and "Results. " FIG. 4 . Repeat length analysis of the replication products. Primate replication products were processed as described in Fig. 3 . Individual bacterial colonies each representing individual in vitro replication products were picked, plasmidisolated, and restriction-digested to release the repeat-containing fragment. a, DNAs were resolved on 4% polyacrylamide gels and products visualized by ethidium bromide. Shown are products with no change (lanes 1-3), deletions  (lanes 4 -6), and expansions (lanes 7-9) . Lane 10 shows the intact repeat length of the starting plasmid digested with restriction enzymes. b, shows the same gel transferred to a nylon membrane and hybridized with [ 32 P] (CTG) 15 probe.
FIG. 5. Distribution of repeat lengths before and after replication by human cell extracts.
The actual number of molecules observed with different length distributions are shown over the total number of molecules analyzed. Exact numbers are indicated. The height (y axis) of the bars is the % of molecules observed. a, the distribution of repeats before (background, open bars) and after in vitro replication by HeLa cell extracts (filled bars) for plasmid pDM79H. Note the shift in distribution with more molecules having "greater than" or equal to "79 repeats" and the accompanying decrease in molecules "less than 79 repeats." b, the distribution of repeats before (background, open bars) and after in vitro replication by HeLa cell extracts (filled bars) for plasmid pDM79E. Note the shift in distribution with more molecules having "less than 79 repeats" and the accompanying decrease in molecules having "more than 79 repeats." The statistical significance of the results is shown as determined by using 2 or Fisher's exact test for pDM79H or pDM79E, respectively. Mutation frequencies corrected for background are presented in Table I .
were greater than the largest expansion of ϩ8 repeats incurred by bacterial replication of the same template (compare open bars with filled bars). In vitro replication of pDM79E resulted in predominantly deletions with mean of Ϫ22 repeats and a range of Ϫ2 to Ϫ55 repeats. Comparison of the repeat lengths of pDM79H in vitro expansion products with the lengths of the parental templates having lengths "longer than 79" revealed a significant trend toward larger repeat lengths for the replicated pDM79H (using a two-sided Mann-Whitney test, p ϭ 0.018). Comparison of the repeat lengths of pDM79E in vitro deletion products with the lengths of the parental templates having lengths "shorter than 79" did not reveal a significant difference in repeat lengths for the replicated pDM79E (p ϭ 0.845). However, for this template comparison of the lengths of the replicated molecules with the template molecules in the larger than 79 repeats category revealed a significant (p ϭ 0.027) reduction for the replication products. We interpret this as an indication of intra-category (larger than 79 repeats) deletion events. These analyses reveal that the magnitude of repeats gained during in vitro expansion are significantly larger, but the magnitudes of repeats lost during in vitro replication were not. Thus, the magnitudes of repeats gained or lost and the mutation frequencies are consistent with a bias for expansions and a bias for deletions following primate replication of pDM79H and pDM79E, respectively.
DISCUSSION
We have developed an in vitro replication assay that uses human cell extracts to investigate the mechanism of (CTG)⅐(CAG) repeat instability. This assay has the capability to test the possible contribution of cis-elements and trans-acting factors to repeat instabilities incurred during in vitro DNA replication by human proteins. Herein we have tested two cis-elements including repeat tract length and replication direction. Both tract length and replication direction were important determinants of repeat instability.
Effect of Repeat Tract Length and Replication Direction-In humans the number of (CTG)⅐(CAG) repeats in a tract is a major determinant of its genetic instability (2) . A role for replication direction in (CTG)⅐(CAG) instability has been observed in both bacteria (5) and yeast (14) . In our primate system, both tract length and replication direction affected repeat stability. Instability was dependent upon repeat tract length, only templates with expanded (CTG) 79 yielded detectable levels of instability, whereas shorter, (CTG) 17 , templates were stably replicated. Unlike the bacterial and yeast systems, both of which overwhelmingly yield deletions regardless of replication direction (5, 8, 14) , our primate system suggested that the direction of replication determined the type of mutation (expansions versus deletions). Predominantly expansions were detected for the pDM79H template, in which the CAG strand served as the lagging strand template, whereas predominantly deletions were detected for the pDM79E template, in which the CTG strand served as the lagging strand template. Therefore our in vitro replication system recapitulates the bias for expansion observed in patients affected with a trinucleotide repeat-associated disease.
It is unclear how the direction of primate replication fork progression through the repeat determines whether expansions or deletions follow. The cause for the replication direction effect may occur at one or several of three possible steps including the formation of mutagenic intermediates, their correct or escaped repair, and their possible aberrant repair/processing (Fig. 7) . First, the propensity to form the mutagenic intermediates may vary depending upon which repeat strands serve as the leading and lagging strand templates (Fig. 7, top) . Such intermediates may occur on either or both the leading or lagging branches of the replication fork, and possibly even ahead of the fork. Second, the ability of certain mutagenic intermediates to be correctly repaired or to escape repair may vary depending upon which repeat strand is slipped out (Fig. 7,  middle and lower left) . The third area is aberrant repair (or processing) of the mutagenic intermediates that would lead to products having repeat lengths different from the parental template (Fig. 7, lower right) . Mutation fixation by aberrant processing requires enzymatic activity, whereas escaped repair is a lack of activity. Below we have briefly discussed our results and how they reflect upon each of these steps.
Propensity to Form Mutagenic Intermediates-A differential propensity to form mutagenic intermediates when replicating from one or the other direction may explain the replication direction effect we observed (Fig. 7, top) . In bacterial and yeast models it was originally suggested (5, 14) that the differential ability to form hairpins by the CTG relative to the CAG repeat (3) could explain the orientation effect on the propensity to incur deletions. An extension of this model may explain the replication direction-dependent expansion or deletions we have observed following in vitro replication by human proteins. If one assumes that mutagenic intermediates form on only the lagging branch of a replication fork (Fig. 7, top) expansion intermediates of pDM79H would contain slipped out CTG repeats, whereas deletion intermediates would contain slipped out CAG repeats. In contrast expansion intermediates of pDM79E would contain slipped out CAG repeats and deletions intermediates would contain slipped out CTG repeats. The A DNA structure-specific protein may favor or disfavor the formation of some but not all slipped structures. It has been suggested that replication fork pausing in the repeat tracts, which is sensitive to replication direction, may be related to the ability to form mutagenic intermediates (5, 6). We did not detect a difference in the replication efficiency FIG. 6 . Magnitude of repeat length change, pDM79H and pDM79E. In vitro replicated products were processed as described in Fig. 3 . Following resolution on 4% polyacrylamide gels, the repeat-containing fragments of individual replication products were sized ("Experimental Procedures"). Repeat length changes were batched in size ranges of 10 repeats above and below the starting length of 79 repeats (x axis). To facilitate comparison both the percentage of molecules within each class (y axis) and the actual numbers observed and analyzed (below x axis) are represented. Both the in vitro replicated distribution (solid bars) and parental template background distribution (open bars) are represented. between pDM79H and pDM79E, both were similar to each other and to that of a template void of repeat sequences. The similar efficiency of replication in either direction and the similar incorporation patterns of the incompletely replicated DpnI-sensitive products did not reveal a differential ability to initiate, elongate, or complete replication. Whereas these findings argue against a replication pausing type of mechanism, it is possible that there is a differential ability to form mutagenic intermediates that does not involve pausing of replication progression.
Correct or Escaped Repair of Mutagenic Intermediates-The differential ability of certain mutagenic intermediates to be correctly repaired or to escape repair may explain the replication direction effect. The structural features of slipped structures, including the slip-out and the slip-out junction may critically determine whether they are repaired or not. Mutagenic intermediates containing slipped out CAG repeats may be correctly repaired, whereas those with slipped out CTG repeats may escape or be protected from repair (Fig. 7, bottom) . We have shown that the biophysical structure of slipped out CAG slipped-intermediate heteroduplex and its three-way junction is considerably different from the structure of the sister slipped out CTG slipped-intermediate heteroduplex and its three-way junction (33) . 2 Importantly, the slipped out CAG repeats predominantly assumed a random coil single-stranded configuration, whereas the slipped out CTG predominantly assumed a hairpin structure. Furthermore, the slipped out CAG repeat was preferentially bound by single strand-binding protein. Preferential binding of one strand over the other may lead to differences in how the two slip-outs are processed, which may explain the direction of replication effect on repeat instability. Preferential binding of one intermediate over another by a DNA structure-specific protein such as a repair or replication protein (33) 2 may facilitate or protect against correct repair.
Aberrant Processing of Mutagenic Intermediates-The differential ability of certain mutagenic intermediates to be aberrantly repaired, processed, or recombined may explain the orientation effect. The structural features of slipped structures, including the slip-out and the slip-out junction, may critically determine whether they are recognized and processed by replication, repair, or recombination proteins. One model of somatic (CTG)⅐(CAG) instability involves inefficient processing of slipped Okazaki fragments initiated within the repeat tract by the Flap-endonuclease 1, FEN1 (7, 9, 10, 34) . Differential processing of slipped out CTG or CAG hairpins, such that one escaped processing by FEN1, might explain the replication direction effect. However, biochemical studies (9) have revealed that neither CTG nor CAG hairpins are processed inefficiently, with little difference between the two. In yeast it has been clearly shown that heteroduplex DNAs with intra-strand hairpins composed of (CTG) 10 or (CAG) 10 escaped repair (35) , and this finding is similar to the inefficient repair of palindromic heterologies in yeast (36) . However, trinucleotide repeats may be processed differently in yeast than in human cells. Notably in yeast trinucleotide repeats tend to delete, which is in con- FIG. 7 . Possible mutagenic intermediates and mutation pathways. Different directions of replication through the repeat may cause the formation of different mutagenic intermediates. The propensity to form specific mutagenic intermediates may be mediated by which strand serves as the leading or lagging strand template (top). Depending upon the direction of replication the types of expansion or deletion mutagenic intermediates may have an excess of either CTG or CAG repeats in either the nascent or template strand (middle). Mutagenic structures may even be formed ahead of the replication fork (top). Structural features of specific mutagenic intermediates may determine whether they are correctly repaired or escape repair or are aberrantly repaired (bottom).
trast to the bias for expansions observed in humans. Furthermore, unlike yeast (35) , palindromic heteroduplexes are efficiently repaired by mammalian cells (37) . Recent results from transgenic mice indicate that MSH2 is required for CTG/CAG instability (19) , consistent with hMSH2 binding to slipped structures (33) , and surprisingly MSH3 but not MSH6 is required for instability (38) . It is of interest to know if human cells or their extracts are capable of metabolizing slippedstrand trinucleotide repeat structures and what role, if any, the slip-out and CTG/CAG three-way junctions may play. We note that the human cell extracts that we have used are competent in in vitro replication (25) , mismatch repair (39), excision repair (including repair of psoralens cross-links, pyrimidine dimers, UV damage, and cisplatin adducts) (40) , double-strand break repair (41) , homologous recombination (42) , and triplexmediated recombination (43) .
Regardless of the precise mechanism, our results with human cell extracts clearly present a striking effect of replication direction on repeat instability. Having established this system, which enables genetic and biochemical manipulation, allows us to address which of the three steps (Fig. 7) contribute to the replication direction effect we have observed.
CONCLUSIONS
We have established an in vitro DNA replication system that uses human cell extracts to study trinucleotide repeat instability. This system recapitulates the bias for expansion observed in humans affected with a trinucleotide repeat-associated disease. This assay can be used to study the biochemical, cellular, and genetic factors that critically affect repeat expansions and deletions.
